In this study, we developed a mouse model of skin infection to test the association between expression of immunoglobulin-binding proteins by and infectivity of group A streptococci. Group A streptococci capable of crossing tissue barriers and establishing a lethal systemic infection in mice showed a higher level of immunoglobulin-binding protein expression. The group A streptococci recovered from the spleen of a mouse that died following a skin infection were found to be more virulent when injected into the skin of naive mice.
that died following a skin infection were found to be more virulent when injected into the skin of naive mice.
Together, these results suggest that immunoglobulin-binding protein expression by group A streptococci correlates with their ability to establish invasive skin infections.
A variety of different human and animal pathogens express surface receptors that bind immunoglobulins in a nonimmune fashion (1, 10, 12, 14, 25, 41) . Epidemiological analysis has suggested an association between expression of these molecules and severity of disease. Widders et al. showed an increased frequency of immunoglobulin G (IgG)-binding protein expression on Haemophilus somnus recovered from infected cattle than from carriers (46) . In a second epidemiological study in out-bred animals, we showed that Staphylococcus intennedius isolates recovered from the skin of dogs demonstrate a statistically significant correlation between the extent of protein A expression and the severity of skin disease (17) . A recent study of human group A streptococcal isolates demonstrated an association between the expression of nonimmune immunoglobulin-binding activity on the surface of group A streptococci and the site of infection (2) ; group A strains isolated from skin sites displayed a higher frequency of IgG-binding activity than strains isolated from the nasopharynx.
The most extensively studied bacterial immunoglobulinbinding protein is staphylococcal protein A (28) . A number of in vitro studies have suggested that expression of protein A by Staphylococcus aureus isolates can influence opsonophagocytosis by human polymorphonuclear leukocytes (19, 28, 45) . These responses have been shown to be dependent on the ratio of IgG to immunoglobulin-binding protein and most probably reflect the ability to generate complement-fixing complexes in the system (4, 29, 30) . By contrast, a variety of in vivo studies on the efficiency of clearance of protein A-rich or protein A-poor S. aureus isolates from either the bloodstream or lungs of mice or guinea pigs showed no significant differences (18, 20, 23) . Mice inoculated intravenously with a protein A-deficient mutant, the corresponding parent protein A-positive strain, or revertants all demonstrated similar 50% lethal doses (LD50s) even though mouse immunoglobulin bound to the surface of the protein A-rich strains (18) . From Plasminogen and plasmin. Glutamic acid-plasminogen was isolated from human plasma by affinity chromatography in a lysine-Sepharose column as described before (32) . Plasmin was generated from plasminogen by reaction with urokinase as described previously (32) . Briefly, 13 pl of urokinase (20 Air sac procedure. The air sac procedure was a modification of the procedure described before (7) . Briefly, a connective tissue air sac was generated on the back of a mouse by slow subdermal injection of 0.9 ml of air via a 25-gauge needle. The syringe containing the air also contained 0.1 ml of a dilution of an appropriate dose of group A streptococci. There was no leakage of air or liquid from an air sac generated in this way, minimizing the risk of exposing animal handlers to the human pathogen. Mice were provided food and water ad libitum. Each experiment was continued for 96 h postinfection, and death was used as the endpoint. All surviving animals were killed at 96 h by cervical dislocation.
LD50 and LD75 values were calculated by the method of Reed and Muench (37) .
The spleen was removed from any animal that died of infection. A spleen cell suspension was generated by homogenizing the spleen in 1 ml of 10 mM phosphate-buffered saline (pH 7.4). An (36) . In our previous studies, the use of wet weight to normalize the concentration of bacteria has proved to be the most reproducible method for standardizing bacterial cell number. For these studies, a 25% (wet weight/ volume) suspension of bacteria in phosphate-buffered saline was mixed with an equal volume of a CNBr solution (30 mg/ml in 0.2 M HCI), and the mixture was rotated for 8 to 15
h at ambient temperature. The reaction mixture was then centrifuged at 10,000 x g for 15 min, and the resulting supernatant was filtered through a 0.2-pum filter to remove any remaining bacteria. The filtrate was dialyzed against four or five changes of 0.1 M HCl, and the CNBr-free extracts were neutralized by addition of 1.5 M Tris (pH 8.8).
Mutanolysin extraction. The procedure for mutanolysin extraction is a modification of the method described by Yarnall and Boyle (49) . One gram (wet weight) of bacteria was suspended in 6.0 ml of 20 mM Tris-1.0 mM iodoacetic acid-1 mM benzamidine HCl (pH 7.5) containing 100 pug of pancreatic RNase, 100 pug of pancreatic DNase I, and 50 pug of mutanolysin (Sigma Chemical Co., St. Louis, Mo.) per ml. The suspension was mixed and placed at 37°C for 4 h with periodic mixing. Supernatants were collected after centrifugation and filtered to remove bacteria and debris.
Polyacrylamide gel electrophoresis and Western blotting techniques. Protein samples were denatured by boiling for 5 min in 0.5 M Tris-HCl (pH 6.8) containing 2% (wt/vol) sodium dodecyl sulfate (SDS), 5% (vol/vol) P-mercaptoethanol, 10% (vol/vol) glycerol, and 0.01% (wt/vol) bromophenol blue. Denatured proteins were electrophoresed on 10% polyacrylamide slab gels at 50 V for 16 h by the method of Laemmli (27) . Prestained molecular weight standards (BioRad), including phosphorylase B (106,000), bovine serum albumin (80,000), ovalbumin (49,500), carbonic anhydrase (32,500), soybean trypsin inhibitor (27, 500) , and lysozyme (18,500), were run in each SDS-polyacrylamide gel assay.
The proteins were electrophoretically transferred to nitrocellulose (Bio-Rad) by a modification of the method described by Towbin et al. (44) . Briefly, SDS slab gels were soaked for 30 min in 25 mM Tris-192 mM glycine-20% methanol (pH 8.3), assembled into the high-field-intensity Transblot system (Bio-Rad), and electrophoresed in that buffer at 70 V for 3 h. The nitrocellulose blots were washed four times with 250 ml of 50 mM Veronal buffer (VBS, pH 7.4) containing 0.15 M NaCl, 0.25% gelatin, and 0.25% Tween 20 (VBS-gel-Tween) to saturate remaining proteinbinding sites on the nitrocellulose. Each wash was carried out for 15 min at ambient temperature with agitation. The nitrocellulose membranes were incubated for 3 h at ambient temperature in 25 ml of VBS-gel-Tween containing 3 (Fig. 2a) .
There were significantly more solubilized proteins from the 64/14sk isolates than from the 64/14ip isolate or the 64/14 strain used to infect the mice. Separated proteins from the other two gels were transferred to nitrocellulose by electroblotting and probed for reactivity with either radiolabeled human IgGl or IgG3 as described in Materials and Methods. The results presented in Fig. 2b for IgGl and Fig. 2c for IgG3 demonstrate that the bacteria recovered from the spleens of mice that had been infected in a skin air sac (64/14sk) displayed higher levels of all three functional immunoglobulin-binding proteins identified previously in CNBr extracts of strain 64/14 (33) . All of the proteins reactive with IgGl were also found to bind IgG2 and IgG4 (data not shown). Extracts of bacteria recovered following i.p. infection (64/14ip) showed no significant difference in expression of IgG-binding protein compared with the infecting strain, 64/14. This result was expected from our earlier mouse passage studies with strain 64 (38) . In that study, the levels of IgG-binding protein expression increased during the first 8 to 10 i.p. passages in mice and remained remarkably constant thereafter (38) .
All of the immunoglobulin-binding protein bands identified on 64/14sk were present when the autoradiographs shown in Fig. 2b and c were exposed for a longer time (data not shown). Together, these results indicate that the change in IgG-binding protein expression was quantitative rather than qualitative.
In a similar series of studies, CNBr extracts from 64/14, 64/14ip, and 64/14sk were also tested for their reactivity with 1251I-labeled polyclonal mouse IgG. The -50,000Mr band present in extracts of strain 64/14sk demonstrated significant reactivity with nonimmune mouse immunoglobulins (Fig.  2d, lanes 5 through 7) . While the results presented in Fig. 2 suggest a selective enhancement of IgG-binding protein expression after skin passage, the possibility that this change was due to differences in efficiency of solubilization of surface molecules was considered. To test this possibility, expression of a second surface molecule, a receptor for human plasmin, was monitored. This receptor is destroyed by treatment with CNBr. Consequently, for these studies, the 64/14, 64/14ip, and 64/14sk isolates were extracted by treatment with mutanolysin, as described in Materials and Methods. (Mutanolysin treatment has been shown previously to be the optimal method for solubilizing the plasmin receptor from strain 64/14 [11] .) Western blot analysis of mutanolysin extracts of strains 64/14, 64/14ip, and 64/14sk revealed no significant differences in expression of the plasmin receptor, while enhanced levels of IgG-binding proteins were detected in mutanolysin extracts of the 64/14sk isolates (data not shown). This finding indicated that the enhanced expression of IgG-binding proteins on organisms that produced a lethal infection when injected into a skin air sac was a selective rather than a generalized response of the bacteria and not attributable to differences in the efficiency of extraction of surface proteins from different bacteria.
To determine whether enhanced expression of IgG-binding protein was a reproducible characteristic of strain 64/14 following infection in the skin, groups of five mice were injected with 5 x 109 to 5 x 107 organisms of 64/14 via a skin air sac, and time to death was monitored as before. The results presented in Fig. 3a show the kinetics of lethal infection. Analysis of the IgG-binding protein present in CNBr extracts of the input organism, 64/14, and the organisms recovered from the spleens of three representative mice succumbing to lethal infection are shown for IgGl and IgG3 binding in Fig. 3b and c, respectively. Some variation was noted in the levels of IgG-binding protein expression on extracts of bacteria recovered from the spleen of any animal succumbing to a lethal skin infection; however, in all cases, greater IgG-binding protein expression than in the infecting organism was observed. These findings demonstrated that an increase in expression of IgG-binding proteins for a group A strain capable of establishing a lethal skin infection was a reproducible finding. This experiment has been repeated on two occasions, and similar enhanced expression of IgGbinding proteins on bacteria recovered from the spleens of lethally injected mice was obtained.
If the expression of immunoglobulin-binding proteins were important in conferring an invasive phenotype on group A streptococci in mouse skin, it would be expected that strain 64/14sk would be more virulent than 64/14ip when injected into the skin of normal mice. This hypothesis was tested in the next series of studies. For these experiments, groups of five outbred CD1 mice were injected into a skin air sac with 5 x 109 to 5 x 107 organisms of 64/14ip or 64/14sk. The results of this experiment, presented in Fig. 4 , provide evidence that the high-expression 64/14sk isolates are more virulent than 64/14ip, based on the time required to kill a mouse or the dose required to cause a lethal infection (LD75, 8 .5 x 107 organisms for 64/14sk and 1.8 x 109 organisms for 64/14ip).
Organisms from the spleen of any animal that succumbed to a lethal infection, in the experiment shown in Fig. 4 , were recovered as described previously and analyzed for expression of IgG-binding proteins. The results presented in Fig. 5 demonstrate that 64/14sk expressed high levels of IgGbinding proteins prior to injection, and there was no significant change in the level of binding proteins on bacteria recovered from the spleens of mice succumbing to a lethal infection with these organisms. By contrast, the organisms that had been mouse-passaged only by the i.p. route (64/ 14ip) demonstrated enhanced expression of IgG-binding proteins when recovered from the spleen of a second mouse after injection into a skin air sac (Fig. 5) . This pattern of IgG-binding protein expression was reproducible from experiment to experiment.
DISCUSSION
The establishment of a pathogenic infection in humans is a complex interaction between the bacteria and the host, and the relative importance of bacterial virulence factors would 4) were extracted with CNBr as described in the text. The extracts were run on parallel 10% polyacrylamide gels under reducing conditions and electroblotted to nitrocellulose. Unreacted sites on the membrane were blocked, and the membranes were probed with radioiodinated human IgGl (b) or IgG3 (c). The blots were washed and exposed to X-ray film at -70°C for 24 to In an epidemiological study of group A streptococcal infections, Bessen and Fischetti demonstrated that more group A strains with human IgG-binding activity were recovered from the skin than from the nasopharynx (2). Group A streptococci express a family of functionally distinct IgG-binding molecules that can be divided into two antigenic classes (35, 36, (47) (48) (49) lished. The focus of this study was to test the hypothesis that expression of IgG-binding proteins by group A streptococci provides a selective advantage for skin infectivity. For these studies, we have adapted a skin air sac model that we used previously to measure chemotactic responses and inflammatory reactions in mouse skin (5, 7, 31) as a model of streptococcal skin infection. In the initial experiments, we found that the LD50 for group A strain 64/14, a strain that had previously been adapted for growth in mice (38) , was at least 100-fold higher for skin infection than for i.p. infection. Analysis of IgG-binding proteins expressed on bacteria recovered from the spleen of a mouse which died following a skin infection with strain 64/14 (64/14sk) showed enhanced expression of all three functional IgG-binding proteins associated with this strain (33) . The most pronounced change was in the expression of a 50,000Mr molecule that displayed reactivity with human IgGl, IgG2, and IgG4 as well as nonimmune reactivity with mouse polyclonal IgG. This finding was shown to be reproducible from mouse to mouse as well as from experiment to experiment.
If there is a correlation between expression of IgG-binding proteins by a group A streptococcus and its ability to establish a lethal skin infection for mice, the lethal dose should decrease as IgG-binding protein expression increases. This prediction was tested in a series of experiments in which strains 64/14ip and 64/14sk were tested for virulence when reinjected into the skin of normal mice. The results of these experiments demonstrate that 64/14sk, obtained from the spleen of a mouse succumbing to a prior skin infection, was more virulent than the corresponding 64/14ip, selected following an i.p. infection, and this in turn correlated with an increased expression of IgG-binding proteins detected in CNBr extracts (Fig. 4) .
The changes in expression of IgG-binding proteins for the mouse passage strain 64 observed in this study further underscore the different responses of pathogenic organisms subjected to unique host pressures present at distinct anatomical sites. Group A strain 64 had previously been passaged on over 20 occasions in mice via the i.p. route and displayed a relatively stable level of IgG-binding protein expression after approximately 10 passages (38) . However, organisms injected into mouse skin that successfully crossed tissue barriers and established a lethal infection expressed 10 to 50 times more IgG-binding proteins when recovered from the spleen of infected mice. This ability to induce changes in surface protein expression selectively in response to unique host pressures found at different sites of infection may help to explain the findings that certain sequelae of streptococcal infection are associated with specific sites of infection (9) .
While all of the experimental studies presented in this report suggest an association between expression of IgGbinding proteins and virulence of group A streptococci in the skin, they do not establish an absolute cause-effect relationship. Recent studies have suggested that the genes encoding IgG-binding proteins, M protein, and C5a peptidase may all be members of a coordinately regulated virulence locus (13, 16, 34, 39, 40) . Thus, changes in surface expression of IgG-binding proteins may be a result of increased expression of other coordinately regulated proteins rather than contributing directly to the more-virulent skin-infectious phenotype. To resolve the relative importance of expression of IgG-binding proteins, it will be necessary to generate appro' priate isogenic mutants that do not express each or all of the IgG-binding proteins associated with strain 64/14 and measure the effect on virulence in the mouse skin infection model. With the recent upsurge in invasive group A streptococcal infections, in particular wound infections (3, 22, 24, 26, 42, 43) , a detailed analysis of immunoglobulin-binding proteins expressed by these more invasive isolates may help identify key factors that contribute to the tissue-invasive properties of streptococci. 
